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MetalAbstract Pongamia biodiesel is the most promising alternative source of energy in India. But the
poor oxidation and thermal stability problem associated with it leads to deterioration in its quality
and it cannot be stored for a longer period of time. The high temperature engine operation is also
affected due to poor thermal stability of the biodiesel. This paper investigates the thermal and
oxidation stability of Pongamia biodiesel and effect of metal contaminants on its stability. The
thermodynamic parameter of kinetic energy of the samples was evaluated by direct Arrhenius plot.
Results show that Pyrogallol improves the oxidation and thermal stability of Pongamia biodiesel
with an increase in induction period from 1.83 to 12.11 h and in activation energy from 45.66 to
70.23 kJ/mol while the addition of iron metal contaminants decrease the induction period to
0.77 h and activation energy to 24.55 kJ/mol.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Due to the depletion of the world’s petroleum reserves and
high level of harmful gaseous emission from conventional
fuels, there is a great demand for alternative fuel to diesel
[1]. One possible alternative to petroleum-based fuel is the bio-
diesel from non edible oil like Jatropha, Pongamia, Mahua
and Neem [2]. Out of the various non edible oil sources
Pongamia oil has a large production potential of biodiesel
and it was developed as an environmentally acceptable, alter-
native to conventional diesel engine fuels [3]. But the majorquality issue associated with Pongamia biodiesel for use as
engine fuel is its stability. The poor thermal and oxidation sta-
bility results in gum formation which further leads to a storage
problem of biodiesel for a longer period of time. The high tem-
perature engine operation is also affected due to poor thermal
stability of the biodiesel [4]. The thermogravimetric analysis
(TGA) is a helpful technique in characterization of thermal
stability and determining conversions of the biodiesel products
[1]. TGA analysis is a quick and inexpensive technique and can
be used in esters’ boiling point determination and in monitor-
ing the transesteriﬁcation reaction. TGA methodology is used
by Rashid et al. [5] for evaluating the transesteriﬁcation pro-
cess of Jatropha biodiesel production. Andrade et al. [6] used
TGA analysis for evaluation of biodiesel production from bur-
iti oil. The result shows that biodiesel and its blends show only
one step of mass loss, which was due to the volatilization of
34 G. Dwivedi, M.P. Sharmavarious fatty acids present in biodiesel. Satyanarayana and
Muraleedharan [7] implemented TGA methodology for the
measurement of onset volatilization temperatures for various
oils. The result revealed that volatilization of raw vegetable oils
was low compared to biodiesels. It was found that coconut
biodiesel was more volatile than biodiesel from rubber and
palm oil. Jain and Sharma [8] apply the TGA method to inves-
tigate the effectiveness of various antioxidants and the result
shows that Pyrogallol (PY) was found to be the most effective
antioxidant for oxidation and thermal stability. Thermogravi-
metric analysis (TGA) technique is applied by Patil et al. [9] for
characterizing the thermal stability of waste cooking biodiesel
by measuring the changes in its physicochemical properties
expressed as weight change as a function of increasing temper-
ature. The temperature range employed was 25–600 C. The
mass of the waste cooking biodiesel starts to decrease at
approximately after 125–130 C, and this step was attributed
to vaporization of biodiesel, and the second step started to
decrease at 232 C, and it may be due to some waste cooking
oil that was not transesteriﬁed. The literature work shows that
TGA is a useful tool for the assessment of thermal stability of
biodiesel. This paper investigates the thermal and oxidation
stability of Pongamia biodiesel and the effect of PY and metal
contaminants.
2. Experimental
2.1. Biodiesel production
Pongamia oil (PO) was procured from Soul Center Trade Link
Pvt. Ltd., Bangalore. All chemicals like KOH, methanol, and
Pyrogallol were of AR grade and 99% pure. Pongamia oil
was ﬁltered to remove all insoluble impurities from the oil fol-
lowed by heating at 100 C for 10 min to remove all the mois-
ture. The fuel properties of Pongamia oil after reﬁning were
determined as per standard methods. The properties of Ponga-
mia oil are reported in Table 1.
The Table 1 shows that a free fatty acid (FFA) content of
the oils is 0.7%. Owing to low FFA content, here we have
adopted base catalyzed transesteriﬁcation processes. Pongamia
biodiesel (PB) yield of 98.4% was achieved with methanol/oil
molar ratio (11.06:1) using KOH as catalyst (1.43% w/w) in
a duration of 81.43 min at the temperature of 56.6 C.
2.2. Analytical methods
PB samples were analyzed for methyl ester (ME) formation at
a predetermined interval of time using a Gas Chromatograph
(metal made) equipped with a ﬂame ionization detector and a
capillary column for injecting the sample [10]. The GC oven
was kept at 230 C (5 C/min). Nitrogen was used as carrierTable 1 Properties of Pongamia oil.
S. no. Properties Pongamia oil
1 Net caloriﬁc value (MJ/kg) 29.90
2 Flash point (C) 206
3 Viscosity (cSt, @ 25 C) 49
4 FFA (%) 0.7
5 Density (kg/m3 @ 25 C) 939gas. Quantitative analysis of % ME was done using European
standard EN 14,103:2003 (DIN EN, 1410). The % ME yield
was calculated using Eq. (1).
% of ME ¼
P
A AEI
AEI
 CEI  VEI
m
 100 ð1Þ
P
A= total peak area from the methyl ester in C14 to that
in C24:1.
AEI = peak area corresponding to methyl heptadecanoate.
CEI = concentration of the methyl heptadecanoate solu-
tion (mg/ml).
VEI = volume of the methyl heptadecanoate solution (ml).
m=mass of the sample (mg).
For the purpose of error analysis, 2 tests were conducted
for single sample and then the average of the 2 reading was
taken for further investigation purposes.
2.3. Viscosity
Digital rotational viscosity meter (Model-Brookﬁeld) was used
for the measurement of viscosity. A rotational speed was pre-
set and the ﬂow resistance of the sample was measured, i.e., the
torque maintaining the set speed was proportional to the vis-
cosity. The viscosity, shear stress and the shear rate was calcu-
lated from the torque required, the set speed and the geometry
factors of the applied sensor.
2.4. Fatty acid calculation
The FFA content of oils was calculated by using ASTM
D5555-95. The Eq. (2) is used in the determination of the
FFA content of oil.
% free fatty acids ¼ ðml of alkaliN
 28:2Þ=ðweight of oil sampleÞ ð2Þ2.5. Density
Density is a measure of the compactness of matter within a
substance and is deﬁned by the Eq. (3).
Density ¼Mass=Volume ð3Þ
The standard metric units in use for mass and volume
respectively are grams and milliliters or cubic centimeters.
Thus, density has the unit grams/milliliter (g/ml) or grams/
cubic centimeters (g/cc) or kg/m3. For the purpose of experi-
mentation, a digital balance was used for mass measurement
and a 50 ml graduated cylinder was used for volume measure-
ment of liquid. 50 ml of liquid was added to a weighed 50 ml
graduated cylinder. The density of the liquid was calculated
according to Eq. (3).
2.6. Calorific value
The heat of combustion is the energy released as heat when a
compound undergoes complete combustion with oxygen under
standard conditions. The chemical reaction is typically a
hydrocarbon reacting with oxygen to form CO2, water and
heat. The unit may be energy/mole of fuel, energy/mass of fuel
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measurement of caloriﬁc value of PB. Caloriﬁc value can be
calculated using the following Eq. (4):
CV ¼W T
M
ð4Þ
where,
W=water equivalent of calorimeter (2298 Cal/C).
T= rising in temp in C (temp difference).
M=weight of sample (g).
CV = caloriﬁc value (kcal/kg).
2.7. Thermal analysis
The thermogravimetric (TG) thermogram of PB was recorded
on the thermogravimetric analyzer (Perkin Elmer Pyris 6)
using alumina pans. The thermal analysis was conducted at a
heating rate of 10 C/min from 10 to 700 C in two atmo-
spheres namely dry air atmosphere and nitrogen atmosphere
(inert atmosphere) of 100 ml/min. A sample size of approxi-
mately 15 mg was used. The temperature and weight scales
were calibrated using indium over a speciﬁc range of heating
rates with a calibration parameter over its respective Curie
point.
2.8. Non-isothermal analysis
The kinetic analysis used for the thermal conversion of the bio-
diesel is discussed below:
The rate of conversion, dx/dt, for the biodiesel conversion is
expressed by:
dx
dt
¼ kfðxÞ ¼ kð1 xÞn ð5Þ
where n is the order of reaction, k is the reaction rate constant
and x is the extent of conversion x is given by:
x ¼ w0  wt
w0  w1
where w0, wt and w1 are the original, current and ﬁnal weights
of the sample respectively. Based on the TGA thermogram,
reaction (1) was found to be of ﬁrst order, Thus n= 1 and
Eq. (5) becomes:
dx
dt
¼ kð1 xÞ
For the non-isothermal case, the above equation can be further
modiﬁed to
dx
dT
 dT
dt
¼ kð1 xÞ ð6ÞTable 2 Physicochemical properties of PB.
S. no Property (unit) ASTM 6751 A
1 Flash point (C) D-93 M
2 Viscosity at 40 C (cSt) D-445 1
3 Water and sediment (vol %) D-2709 M
4 Free glycerin (% mass) D-6584 M
5 Total glycerin (% mass) D-6584 M
6 Oxidation stability of FAME (h) 3where dT/dt is the heating rate B. According to the Arrhenius
relationship, the reaction rate constant k in Eq. (6) can be
expressed as:
k ¼ A exp  Ea
RT
 
ð7Þ
where, Ea, A and R are the activation energy, frequency factor
and ideal gas law constant (8.314 J/mol K) respectively. Substi-
tuting Eq. (7) into Eq. (6) yields:
dx
dt
¼ A
B
exp  Ea
RT
 
ð1 xÞ ð8Þ
For the direct Arrhenius plot method for the non-
isothermal kinetic parameters with constant heating rate
(B= dT/dt), Eq. (8) was rearranged to:
ln
1
ð1 xÞ
dx
dt
 
¼ lnA
B
 Ea
RT
ð9Þ
The plot ln[1/(1  x) dx/dt] versus 1/T should give a straight
line with slope-Ea/R, from which the Ea can be calculated [11].
2.9. Oxidation stability measurement
Oxidation stability of PB was quantiﬁed by the induction per-
iod (IP) which was evaluated as per the Rancimat method EN
14112. All stability measurements were carried out on a
Metrohm 873 biodiesel Rancimat instrument. Samples of 3 g
of pure biodiesel were analyzed under a constant air ﬂow of
10 L/h, passing through the fuel and into a vessel containing
distilled water. The samples were held at 110 C heating block
temperature. The electrode is connected to a measuring and
recording device.
The end of the IP is indicated when the conductivity starts
to increase rapidly. This accelerated increase in conductivity is
caused by the dissociation of volatile carboxylic acids pro-
duced during the oxidation process and absorbed in water.
When the conductivity of this measuring solution is recorded
continuously, an oxidation curve is obtained whose point of
inﬂection is known as the IP [11].
The biodiesel samples were tested for physico-chemical
properties as per ASTM D-6751 and Indian IS 15607 speciﬁca-
tion and the properties are given in Table 2. The fatty acid com-
position of PB is given in Table 3. According to the Table 3 the
biodiesel samples contains a signiﬁcant portion of the unsatu-
rated fatty acids and therefore their stability seems to be poor.
3. Effect of additives and metal on thermal degradation of PB
The thermal properties or behavior of oil samples are
measured as a function of various reaction parameters suchSTM 6751 limits IS 15607 IS 15607 limits PB
in. 130 IS 1448 – 156
.9–6.0 IS 1448 – 5.76
ax. 0.05 D-2709 Max. 0.05 0.05
ax. 0.02 D-6584 Max. 0.02 0.01
ax. 0.24 D-6584 Max. 0.24 0.04
EN 14112 Min. 6 1.83
Table 3 Fatty acid composition of PB.
S. no. Fatty acid Structure % composition (PB)
1 Palmitic acid (P) C(16:0) 13.8
2 Stearic acid (S) C(18:0) 6.1
3 Oleic acid (O) C(18:1) 65.3
4 Linoleic acid (L) C(18:2) 11.6
5 Linolenic acid (LL) C(18:3) 3.2
Saturated fatty acid 19.9
Unsaturated fatty acid 80.1
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ples was studied non-isothermally under conditions of sample
temperature increasing at the rate of 10 C/min. This TGA test
involves a weight change as the oil was heated. The weight loss
of the sample was logged using the in situ computer [11].
Table 4 shows the details of onset temperature (Ton) for air
and nitrogen and offset temperature (Toff). It can be seen that
the Ton for PB with Metal contaminants and PB without addi-
tives are lower than that of the PB with additive. This shows
that the PY is able to resist the oxidation process and hence
improve the fuel stability.
Fig. 1 shows the temperature variation of a typical fresh PB
sample in dry air atmospheric heating. It shows the decompo-
sition and weight loss of the biodiesel samples and derivative
weight loss (DTG) with the corresponding temperature. The
changes in weight occurred because of evaporation and/or
combustion of the biodiesel, mainly of the oleic and Linoleic
acid, the most abundant component in the Pongamia biodiesel
[11]. The thermogram shown in Fig. 1 consists of three steps.
In the ﬁrst phase, only a minimal weight change was observed
during this IP. The thermogram shows that the 1% weight loss
of the fresh PB sample in the dry air atmosphere occurs at
around 123 C. A rapid weight change was observed during
the second phase. The maximum degradation rate occurred
at a temperature of 190 C where the rate of weight decrease
increased to the maximum up to this point. Slower weight loss
reductions were observed at higher temperatures. The curve
ﬂattering at 414 C shows that no further conversion was
occurring. This are also attributed to the vaporization and/or
combustion of the PB, whose main component is oleic and
linoleic acid as shown in Table 3. The DTG curve shows clear
evidence for the three degradation steps. TGA curves and theTable 4 TGA analysis of Pongamia biodiesel and its blends.
Sample number Onset temperature
Dry air
PB-100 190
PB100 + PY(100 ppm) 200
PB100 + PY(200 ppm) 202
PB100 + PY(300 ppm) 220
PB100 + PY(400 ppm) 226
PB100 + PY(500 ppm) 230
PB100 + metal 1(iron 0.5 mg/L) 185
PB100 + metal 1(iron 1 mg/L) 180
PB100 + metal 1(iron 1.5 mg/L) 173
PB100 + metal 1(iron 2 mg/L) 170negative ﬁrst derivative of the biodiesel decomposition (Fig. 1)
suggest that the overall process occurred in ﬁrst order kinetics.
As can be seen Ton increases with the increase of the
amount of additives in PB. This shows the rise in thermal sta-
bility of biodiesel with the increase in % of antioxidants from 0
to 500 ppm. This observation is in agreement with Jain and
Sharma [11] and Wannik et al. [12] who reported the effect
of antioxidants on the thermal stability of Jatropha oil and
palm oil respectively while Ton with metal contaminants goes
on decreasing as the concentration of metal increases in biodie-
sel. The Ton of fresh PB without antioxidants is found as 190
and 205 C in dry air and nitrogen atmosphere. When PY
additives are doped with biodiesel, Ton will increase to
230 C in air atmosphere and 236 C in nitrogen atmosphere.
From the results, it can be concluded that PY acts as oxidation
inhibitor. Therefore it is found that PY gives the same results
on thermal degradation in dry air as well as nitrogen atmo-
sphere. Thermogravimetric analysis using the direct Arrhenius
plot method has been used by researchers [11,12]. Eq. (9) was
used to determine the Ea of the oil samples by the direct Arrhe-
nius plot method. The values of x and dx/dT were calculated
using an Excel spreadsheet. The plot of ln[1/(1  x)  (dx/
dt)] versus 1/T was made for the oil decomposition.
The Fig. 2 shows a linear relationship of ln[1/(1  x)dx/dt]
versus 1/T for all samples indicating that the oil conversion
(deterioration) reaction can be treated as a ﬁrst order reaction.
Thus, the kinetic parameter constants as per Eq. (9) can be
determined at increasing the temperature from the slope of
the graph. The calculated best ﬁtting straight line in
R2 = 0.960. With the linear regression of the abscissa and
ordinate parameters, the slopes of the lines in the ﬁgure indi-
cate the values of the Ea which was computed to be 45.66 kJ/
mol. This shows that the fresh PB is very much susceptible to
thermal degradation. This method has been used for Jatropha
oil degradation but the present paper used this method for the
thermal degradation of PB for the ﬁrst time. Table 5 compares
the Ea and temperature at 1% weight loss for all the fresh PB
with and without additives and with metal contaminants,
respectively. The Ea of fresh PB without additive is 45.66 kJ/
mol, while the Ea for the samples with PY added in 500 ppm
increased up to 70.23 kJ/mol while with percentage increase
in metal contaminants from no contaminants to 2 mg/L leads
to a decrease in value of Ea to 24.55 kJ/mol. This is further
authenticated by the similar pattern of temperature at 1%(C) Oﬀset temperature (C)
Nitrogen
205 340
208 350
210 425
225 440
228 450
236 460
196 335
190 332
182 330
177 325
Figure 1 Typical TGA for fresh PB in dry air atmosphere.
Figure 2 Arrhenius plot of the PB used to calculate the kinetic
parameters such as Ea.
Table 5 Compares the Ea and temperature at 1% weight loss
for PB.
Sample number Temperature at
1% weight loss
Activation
energy
(kJ/mol)
PB-100 123 45.66
PB100 + PY(100 ppm) 131 49.22
PB100 + PY(200 ppm) 136 53.54
PB100 + PY(300 ppm) 142 59.18
PB100 + PY(400 ppm) 145 64.76
PB100 + PY(500 ppm) 152 70.23
PB100 + metal 1 (iron 0.5 mg/L) 120 40.39
PB100 + metal 1 (iron 1 mg/L) 117 35.29
PB100 + metal 1 (iron 1.5 mg/L) 100 29.60
PB100 + metal 1 (iron 2 mg/L) 84 24.55
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Figure 3 Variation of Ea and temperature at 1% weight loss.
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Figure 4 Effect of Pyrogallol from 100 to 500 ppm dosage on the
oxidation stability of PB.
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concentration and metal contaminants.
The Fig. 3 shows the variation of Ea with temperature at
1% weight loss. The relation between Ea and temperature at
1% weight loss is linear and R2 = 0.939 which is in agreement
with the variation of Ton and Ea. These data allow one to con-
clude that PB without additives was thermally stable up to 190and 205 C in dry air and nitrogen atmosphere respectively.
The thermal degradation temperature can, however, be
increased by adding additives. PY (500 ppm) is stable up to
230 and 236 C in dry air and nitrogen atmosphere respec-
tively. Therefore thermal degradation temperature can be
increased by adding additives as also reported by Wannik
et al. [12] and Jain and Sharma [11] while metal contaminants
degrade the thermal stability of Pongamia biodiesel.
In
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)
Metal Concentration (mg/L)
Figure 5 Effect of metal contaminants on the oxidation stability
of fresh PB.
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The PY is doped at a different dosage (100, 200, 300, 400 and
500 ppm) in PB and the Rancimat test was conducted to study
the effectiveness of different antioxidants and results are given
in Fig. 4
The oxidation stability of PB has been found to increase
with an increase in dosage of antioxidant which is in agreement
with the result of the thermal analysis in terms of Ea, Ton.
Finally, it is found that dosing of 200 ppm of PY antioxidant
is the minimum concentration required to meet EN 14112
speciﬁcation for biodiesel oxidative stability.
3.2. Effect of metal contaminants on the oxidation stability of
fresh PB
The iron metal is doped at different dosages (0.5, 1, 1.5 and
2 mg/L) in PB and the Rancimat test was conducted to study
the effectiveness of metal contaminants and results are given
in Fig. 5.
The oxidation stability of PB has been found to decrease
with an increase in dosage of metal contaminants which is in
agreement with the result of the thermal analysis in terms of
Ea, Ton.
4. Conclusion
The experimental investigation shows that TGA is a useful
tool for the assessment of the thermal stability of oils andbiodiesel. Results show that the thermal degradation for all
the PB samples is of ﬁrst order reaction. The variation of
temperature at 1% weight loss, onset temperature and offset
temperature with activation energy for all the samples of PB
with and without antioxidant and metal contaminants is
directly proportional. The oxidation stability for all the sam-
ples is also directly proportional to the activation energy.
Results show that Pyrogallol improves the oxidation and ther-
mal stability of Pongamia biodiesel with an increase in induc-
tion period from 1.83 to 12.11 h and in activation energy from
45.66 to 70.23 kJ/mol while the addition of iron metal contam-
inants decreases the induction period to 0.77 h and activation
energy to 24.55 kJ/mol.
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